Introduction
Recent results have shown that simulations can be used to predict rheological behavior of real polymer melts, even when the simulation model does not contain specific chemical details [1] , [2] . This finding is not surprising in view of the work of Pierre Gilles de Gennes (winner of the 1992 Nobel Prize in Physics), who showed that polymer melts possess certain "uni versal" properties [3] . Although polymers may differ in flexibility or length, an appropriate reference para meter exists in each case that indicates the polymers are indeed similar in their inherent form. Because rheological behavior is related to the polymer's in herent structure, qualitative rheological properties of polymer melts (for linear, flexible polymers) are largely independent of the chemical structure of the monomer schen Rheologie und Gestalt der Polymere ein Zusammen hang besteht, sind qualitative rheologische Eigenschaften realer Polymerschmelzen aus linearen und flexiblen Poly meren weitgehend unabhan gig von dem chemischen Aufbau der kleinsten sich wiederholenden Einheiten im Polymer, den Monomeren.
Rheology repeat units.
In this paper a polymer melt is modeled in simple form as a mixture of chains of beads, with N beads per chain (see Fig. 5) . In this flexible chain model a bead represents any type of monomer, without regard to its chemical structure. The microscopic dynamics of such a model fluid can be calculated using molecular dynamic (MD) computer simulations. Macroscopic properties are obtained from the time averaged values of the microscopic quantities [4] . .II
Lennard-Janes as providing complete information on the microscopic molecular motions. Based on previous research [5] . [6] . a short-range intermolecular potential was used, which is advantageous in terms of the required calculation time. Nevertheless, several months of computing time using fast vector computers are required to obtain sufficient data on long chain polymer melts in stationary flow situations. For molecular fluids, the computing time increases at least quadratically with the intramolecular degrees of freedom. In addition, simulation of a polymer of length N requires a simulation volume proportional to approximately N 3 12 . The resulting simulation time is thus, at a minimum, proportional to W12 . This is why NEMD simulations using the continuous model have only recently been conducted on high molecular weight polymer melts. The dependence of the limiting viscosity at zero shear rates, T]o, on the length of polymer chains is different for high molecular weight polymers (T]o = N 3 -3 5 ) compared with low molecular weight melts (TJo = N 1 ).
Measurement of the static structure factor of the indi vidual chains is one example of structure analysis provided by simulation. In the simulation, the structure factor and rheological quantities can be determined simultaneously and free of pertubations, based on the actual polymer configurations. The structure factor provides information about the degree of the flow alignment on a local and global length scale, from the segment length to the length of the extended polymer chain.
In the following section, the NEMD computer simula tion method is described. The simulation predictions of polymer melt rheological properties and structure factors in stationary shear flow are then presented.
NEMD Computer Simulation
The MD computer simulation is a method for solving a classical many-particle problem. Using the model potential as a basis, the discretized Newtonian equations of motion are solved iteratively for all the particles in the system (here the particles represent a monomer unit) [4] , [7] . Besides the model potential, the only other input parameters are density , volume and temperature.
A polymer's physical quantities are extracted within a central simulation cell that contains all the monomers (see Fig. 1 : the gray box). This 'original' cell with all its particles is repeated periodically in all directions. The interaction between two monomers is calculated for their spatially closest representants, which can be original or image particles in neighboring cells. In NEMD simulations, a flow field is also applied, as shown in Fig. 1 . The model potentials used are shown qualitatively in Fig. 2 . Overlap of the monomers is prevented due to the repulsive contribution of the Lennard-Janes potential [5] . Neighboring monomers within the polymer are subjected to the attractive force called the FENE potential, which models a finitely extendable nonlinear elastic response [8] . All results of the simulation are expressed in terms of the Lennard-Janes characteristic parameters and the mass of the monomers, which appears in the Newtonian equations of motion.
From a simulation of a model polymer melt, one can correlate the polymer's microstructure (i. e. the form and orientation of the chains and entanglements between chains) with its rheological behavior. Compared to experimental measurements, simulations have the practical advantage of reproducibility on the microscopic scale. However, on long time scales, the motions of particles are not time reversible [9] . The simulation is conducted to test and improve mesoscopic theories (such as those that describe orientation and distribution functions of segments [ The limiting viscosity at zero shear rate is plotted as a function of chain length for 1 0 < N < 400 on log-log coordinates further advantage of the simulation is its capability of focusing on measuring a particular quantity, such as specific contributions to the pressure tensor, entanglements between polymer chains [13] or the scattering diagram of individual polymers [2] .
Rheological properties
Natural and synthetic polymer melts exhibit pro nounced non-Newtonian behavior. In a simulation the rheological quantities as functions of the relevant flow parameters are calculated from a microscopic expression of the stress tensor. The microscopic expression is obtained within the framework of statistical physics [1] . [14] .
The pressure tensor can be divided into kinetic and potential contributions. Only the symmetric traceless (anisotropic) elements of the pressure tensor are relevant to the material rheology. For dense fluids, the dominant part of these elements is the potential contribution. It is calculated from the contributions of all forces and relative vectors between all the monomers in the system. For an ideal, monoatomic gas, the potential contribution vanishes. Results of the simulation show that the portion of the potential pressure tensor due to intramolecular interactions between neighboring monomers is a significant contributor to the total pressure tensor [1 2] . This contribution represents deviations in the segment lengths from their equilibrium state; these deviations are induced by temperature fluctuations and the flow field itself. The "Stress-optical rule" says that the anisotropic parts of the pressure and orientation tensor are proportional. This means that rheological quantities can be determined optically by measuring birefringence [1 5] . While the results of many experiments agree with the stress-optical rule, simulations, as well as some experiments, have revealed exceptions to the rule under high shear rate conditions [2] . [1 1]. These exceptions are not primarily due to the uniform stretching of segments that occurs at high shear, but rather result from constraining forces, which, for nearly constant segment lengths, arise from shear forces on the polymer and its segments [12] .
Due to the inherent symmetry of stationary shear flows (see Fig. 1 ), there are three rheological material properties: the shear viscosity, 11 = -Pxy y-1 , and the two viscometric functions '¥ 1 and '¥2, which are functions of the shear rate y [1] . [1 1]. Fig. 3 shows the degree of shear thinning for chains of various Here in the qualitative transition in the rheological behavior can clearly be seen. High molecular weight corresponds to a chain length larger than N"' 100. Up to N"' 100, the limiting viscosity at zero shear rate increases linearly, as predicted by the Rouse model. The viscosity increase for long chain lengths is also in agreement with experimental data [1 5] . [1 6 ]. The NEMD simulation thus allows the rheological response to be interpreted based on molecular mechanisms.
Polymer Conformations
The simulation also provides information about polymer conformations. A qualitative picture can be obtained in the conformations shown in Fig. 5 . The melts are subjected to stationary shear flow with the shear rate y designated in the Figure . The conforma tions were investigated quantitatively based on the simulated scattering intensity and other derived quantities, such as the gyration tensor [1 1]. Compar able quantities can also be determined experimentally. From small angle neutron scattering (SANS) on partially deuterated polymers, one can determine the static structure factor of a single chain Sse [1 7] . Correspond ing results obtained in the NEMD simulation are shown in Fig. 6 . The preferred orientation of the polymer seg ments is shown, as well as the entire polymer coil, as a function of flow direction. Such measurements allow one to analyze the local anisotropy of the system.
Outlook
Because of the growing interest in rheological and rhea-optical measurements [1 7] . [18] . NEMD com puter simulations are expected to become more wide spread as a tool for determining rheological behavior. In several years, models with additional chemical details will likely be developed for simulating bulk properties of polymer melts undergoing stationary, non-equilibrium flows. The simulation of long chains (ca. N > 200) will provide a better understanding of the microscopic phenomena of high molecular weight polymers; efforts are currently devoted to this problem using the most advanced high-speed com puters and parallelization algorithms. One of the most important needs is the extraction and definition of dynamic quantities that describe intermolecular coupling or local, topological restraints between polymers. The goal of these efforts is to develope an improved microscopic understanding of the relation- ship between a polymer's structure and its rheo logy. As shown by the examples in this paper, NEMD computer simula tion i s a fundamental method for addressing these problems.
